To elucidate what role chemical stimuli from the digested food has on the postprandial cardiovascular response, a new method was developed to investigate the contribution of individual nutrient components. Three predigested experimental diets were injected directly into the proximal intestine of rainbow trout and cardiac output (CO), gut blood flow (Q cma), heart rate (HR), and stroke volume (SV) were recorded. Specific dynamic action (SDA) was estimated by measuring oxygen consumption. When a balanced diet (50% protein, 25% fat, 15% carbohydrate) was injected, Q cma and CO increased within 1 h by 45 and 27%, respectively. The response to a high-protein diet (70% protein, 5% fat, 15% carbohydrate) was quantitatively similar but delayed, with a maximal blood flow response after 2 h. With a high-lipid diet (60% fat, 15% protein, 15% carbohydrate), the peak increase in Qcma by 22% occurred after 30 min and thereafter declined rapidly. The SDA response (19%) to the balanced diet was temporally matched with the hyperemia. With a high-protein diet, the response is delayed and enlarged (34%) compared with the balanced diet. The high-lipid diet gave no significant SDA response. We conclude that the chemical composition of the food influences the postprandial hyperemia and the SDA, such that the components appear to work in a synergistic fashion. The present results also demonstrate that both redistribution of blood flow and an overall increase in CO contribute to the postprandial increase in gut blood flow in this species. postprandial hyperemia; food composition; proximal intestine; gut blood flow; nutrient injection IN MOST ANIMALS STUDIED, THERE is a considerable increase in gastrointestinal blood flow following feeding, but the exact regulatory mechanisms behind this hyperemia are poorly understood (16, 44). The increased blood flow serves to supply the metabolically active tissue with oxygen and to transport absorbed nutrients to the liver and other tissues such as muscles (35). The increased blood flow can be achieved either through an increased cardiac output (CO), as demonstrated for several fish species (2, 5, 6) as well as mammals (28, 44), or by a net redistribution of blood flow to the gastrointestinal tract by a reduction in gastrointestinal vascular resistance (24, 56, 57) . However, to what degree these factors contribute is highly variable and is probably related to species differences and perhaps to the composition of the ingested diet.
IN MOST ANIMALS STUDIED, THERE is a considerable increase in gastrointestinal blood flow following feeding, but the exact regulatory mechanisms behind this hyperemia are poorly understood (16, 44) . The increased blood flow serves to supply the metabolically active tissue with oxygen and to transport absorbed nutrients to the liver and other tissues such as muscles (35) . The increased blood flow can be achieved either through an increased cardiac output (CO), as demonstrated for several fish species (2, 5, 6) as well as mammals (28, 44) , or by a net redistribution of blood flow to the gastrointestinal tract by a reduction in gastrointestinal vascular resistance (24, 56, 57) . However, to what degree these factors contribute is highly variable and is probably related to species differences and perhaps to the composition of the ingested diet.
Numerous factors have been suggested to be involved in the regulation of gastrointestinal blood flow; including direct effects of the absorbed nutrients, metabolic factors, local nonmetabolic factors, enteric nerves, and gastrointestinal hormones and peptides (19, (25) (26) (27) 35) . Several studies on mammals have focused on the effects of individual nutrients on gastrointestinal blood flow, such as glucose (18, 20, 36, 50) , fats (20, 50) , proteins (20, 50) , and ethanol (50) . These studies have demonstrated that all nutrients are not equally important for the induction of the postprandial hyperemia. For example, when the intestinal mucosa of anesthetized dogs was stimulated with different nutrient solutions, glucose induced a more profound hyperemia compared with a solution containing fat, while proteins only gave a minor response (20, 25) . Adding bile to the solutions enhanced the responses to glucose and fat, emphasizing the importance of bile for the blood flow response (33, 34) .
Several studies have demonstrated that gastrointestinal blood flow increases after feeding in fish (4, 6, 52) . It is also well established that there is a postprandial increase in oxygen consumption (M O 2 ), i.e., the so-called specific dynamic action (SDA) (1, 9, 10, 32, 51, 52) . However, information about the importance of individual nutrients for the postprandial increase in gut blood flow and how the SDA response is related to the blood flow response is limited and conflicting (1, 30, 37, 52) . In a recent study in which gut blood flow and metabolic rate were measured simultaneously in rainbow trout (Oncorhynchus mykiss), it was found that the SDA response is prolonged compared with the increase in gut blood flow, and there was no difference in the response to isocaloric diets with a different protein and lipid composition (23) . Nevertheless, it has been suggested that as much as 60 -80% of SDA could be attributed to the cost of protein synthesis in fish (9, 10, 15) , and proteins have been shown to be the most potent contributors to the postprandial increase in metabolic rate in plaice (Pleuronectes platesa) (31) . In contrast to the situation in most studied mammals (most of which have been omnivorous), it may be reasonable to hypothesize that lipids and proteins are more important than carbohydrates for the postprandial increase in gut blood flow in fish, particularly in carnivorous species like the rainbow trout, which ingest a very small proportion of carbohydrates in their diet (13, 14) .
We have previously demonstrated how mechanical distension of the stomach in rainbow trout induces an increase in systemic vascular resistance and an arterial pressor response (48) . While this rapid response is thought to be important for initiating the initial redistribution of blood flow to the gastrointestinal tract, additional chemical stimuli from the digested food may be responsible for the subsequent sustained vasodilation of the gastrointestinal vasculature that occurs postprandially. This was also confirmed in another teleost species, the short-horn sculpin, in which there is a profound decrease in the gastrointestinal vascular resistance as food is hydrolyzed and enters the proximal intestine. This decrease in gastrointestinal vascular resistance is not seen with mechanical stimuli alone (47) .
With the present study, we aimed to investigate the relative importance of different nutrient components, such as proteins/ amino acids and fat/triglycerides, for the postprandial gut blood flow response. We also explored how the changes in blood flow matched the SDA response. By developing a novel method in which nutrient solutions were injected directly into the proximal intestine in unanesthetized rainbow trout, we were able to stimulate the intestine with precise amounts of various diets with known chemical composition. This approach meant that the postprandial cardiorespiratory response could be studied in detail in unanesthetized animals without having to sedate and force-feed the fish, which may induce a stress response and delay the processing of food (2) . In addition, a detailed analysis of the gross morphology of the vasculature of the gastrointestinal system of the rainbow trout was performed, using corrosion cast techniques.
MATERIALS AND METHODS

Experimental Animals
Rainbow trout (O. mykiss) ranging in size between 310 and 670 g (n ϭ 61, 494 Ϯ 11.8 g) were acquired from a local hatchery (Antens Laxodling AB). The fish were held in 1-2-m 3 fiberglass tanks supplied with aerated freshwater (10 -11°C) from the recirculating departmental water system and fed dry trout pellets at regular intervals. The photoperiod was adjusted to 12:12-h light-dark conditions. Upon arrival, fish were left for at least 1 wk before any experimental procedures were performed. The ethical permit 13/2007 from the animal ethics committee of Gothenburg covered all experiments reported here.
Corrosion Casts
To obtain an accurate model of the vasculature of the gastrointestinal tract and to reveal the major vessels of the systemic circulation, we used a corrosion casting technique (38) . Rainbow trout (n ϭ 3; ϳ400 -500 g) were anesthetized with a high dose of MS-222 (Ͼ300 mg/l). A catheter (PE-90) filled with heparinized (100 IU/ml) saline (0.9%) was tied in place in the ventral aorta through a small incision in the ventricle. After flushing the entire vascular system with saline, sodium nitroprusside (6 g/l) containing saline was injected to obtain a maximal dilatation of the vascular tree. The vasculature was then filled with Mercox CL-2R casting solution (Ladd Research, Williston, VT). The solution was prepared at a resin:catalyst ratio of ϳ20:1 (20 -30 centipoise at 25°C). To enable a rapid and complete polymerization, the fish was placed in warm tap water for more than 1 h. To remove all tissues, including bone and skin when polymerization had been completed, the fish was placed in a saturated solution of potassium hydroxide. After 40 -50 h, most of the tissues had been saponified and to expose the major vessels, any remaining bones and fine structures of the cast were removed by careful dissection. Photos (Canon Digital Ixus 400) were taken to document the vascular structure as revealed by the cast.
Surgical Procedures
Fish were fasted for a week prior to surgery. Individual fish were anesthetized in water containing MS-222 (150 mg/l) buffered with sodium bicarbonate (300 mg/l) and placed on a surgery table covered with wet rubber foam. The gills were continuously irrigated with aerated fresh water (10°C) containing MS-222 (75 mg/l) buffered with sodium bicarbonate (150 mg/l).
Relative changes in cardiac output (CO) was measured using a Doppler flow probe (I.D: 1.8 mm) placed around the ventral aorta. The vessel was exposed via a small incision at the base of the fourth branchial arch and dissected free using blunt dissection. Care was taken not to damage surrounding tissues or nerves. The flow probe lead was secured with a suture at the opercular opening and two at the back. To measure total gastrointestinal blood flow, another Doppler flow probe (I.D. 1.0 -1.2 mm) was placed around the coeliacomesenteric artery, 1-2 cm after the partition from the dorsal aorta and proximal to the bifurcation of the gastric and intestinal artery (Fig. 1) . Both flow probes were custom-made from Perspex and equipped with To inject nutrients directly into the proximal part of the intestine, a method was developed to cannulate the intestine (Fig. 2) . A small dorsoventral incision was made in the body wall 2 cm anterior to the pelvic fin, and a plastic tube was introduced into the stomach via the mouth to access the stomach through the incision as previously described (48) . A fine needle (G20) was used to penetrate the stomach wall, and a small double lumen Fogarty embolectomy catheter (12TLW805F35; V-Tech AB, Göteborg, Sweden) was introduced into the stomach and advanced through the pyloric sphincter and into the proximal part of the intestine. Once in the intestine, the inflatable bubble at the end of the catheter was inflated to secure the catheter. The hole in the stomach wall was closed around the catheter with a purse-string suture (4/0 silk). The body wall was closed using uninterrupted running sutures (3/0 silk), and the catheter was secured at the back of the fish with two sutures.
Diets
A balanced diet (50% protein and 25% fat), a high-lipid diet (15% protein and 60% fat), and a high-protein diet (70% protein and 5% fat) were tested ( Table 1 ). The diets were nonisocaloric and prepared using fish protein (90% pure; Marine Bioproducts, Storebro, Norway), fish oil (99% pure; Marine Bioproducts) and glucose [D-(ϩ)-glucose-G7528; Sigma-Aldrich, Stockholm, Sweden], and stored overnight at 3-4°C. The water content was 70 -80%, and pH and osmolarity were adjusted to between 7.3 and 7.4 and 380 and 400 mOsm, respectively, to mimic normal conditions of the rainbow trout proximal intestine (11) . All diets were predigested with physiological concentrations of bile salts (0.07 ml/g diet) and pancreatic enzymes (Pancreatin-P8096, Sigma-Aldrich). Bile salt was collected from the respective fish during surgery using a syringe with a fine needle (G27) and stored at 3-4°C until use.
Experimental Protocols
Cardiovascular variables. Fish (n ϭ 30) were allowed 48 h of postsurgical recovery prior to experimentation. They were held in opaque chambers supplied with aerated freshwater (10 -11°C) from the departmental recirculating system. Baseline cardiovascular variables were recorded for 1 h before nutrient solution (1.2 ml/kg) was injected. Every injection was followed by an equal amount of saline to flush the catheter dead space. Cardiovascular variables were thereafter measured for ϳ24 h. Identical control experiments were also conducted in which saline (1.2 ml/kg) was injected instead of the nutrient solution. After the experiments, the position of the catheter and the integrity of the stomach and proximal intestine were confirmed.
Oxygen consumption-SDA. The SDA was measured as the postprandial change in oxygen consumption (M O 2 ) after the injection of one of the three experimental diets. This was done to investigate how this response corresponded with the hyperemia but also to examine how diet composition affects the response. The fish (n ϭ 28) was placed in a closed respirometer, submersed in an outer 130-liter tank, supplied with a continuous flow of aerated freshwater (10 Ϯ 0.5°C), and covered to minimize visual disturbance of the fish. Circulation of water through the respirometer was achieved by two submersible pumps, one working continuously to ensure mixing inside the respirometer and one controlled by a time relay to close the respirometer for 10 min during M O 2 measurements. Oxygen tension in the water was measured using an oxygen meter (Oxi 340i, WTW; Weilheim, Germany) placed in-line with the mixing pump. The fish used in these SDA experiments were only instrumented with a catheter inserted into the proximal intestine, as described above. After a postsurgical recovery period of 48 h in the respirometer, routine M O 2 was measured once every hour over a 24-h period before the nutrient solution was injected. Postprandial M O 2 was then measured for another 24 h. After each experimental protocol, the chamber was thoroughly cleaned using hot water to remove any microbial growth. Background oxygen consumption was also controlled for by measuring the oxygen consumption in an empty respirometer.
To calculate M O 2 , the following formula was used:
is the difference in oxygen concentration (mg/l) before and at the end of the 10-min period when the respirometer was closed, as calculated by the slope of the resultant linear regression; ␣ O2 is the oxygen content (mg/l) of water at the particular temperature and barometric pressure; v is the volume of the closed circulation, excluding the volume of the fish; m is the mass of the fish; and t is the time. Sham-fed animals were treated in the same way but received an injection of saline only.
Data acquisition and statistics. The relative changes in blood flow were recorded using a directional pulsed Doppler flow meter (model 545C-4; The University of Iowa, Iowa City, IA). Signals from the Doppler flow meter and the oxygen electrode were fed into a PowerLab system (PowerLab 8/30, ADInstruments, Castle Hill, Australia) connected to a computer running Chart (Chart 5.4.1, ADInstruments, Castle Hill, Australia). Heart rate (HR) was obtained from the pulsatile CO trace and cardiac stroke volume (SV) was calculated as SV ϭ CO/HR. Blood flow and stroke volume data were converted to percentage values, with the initial routine control value set to 100%. Data were collected at 20 Hz, and all reported values are means Ϯ SE.
The baseline value before the injection of a nutrient solution was compared with values after the injection by repeated-measures ANOVA followed by Dunnet's post hoc test to analyze individual data points that were significantly different from the control. To compare the oxygen consumption before and after the nutrient injection, a paired t-test followed by a Holm-Bonferroni algorithm, to compensate for multiple comparisons, was used. All statistical comparisons were performed using raw unformatted data. Significant difference from the baseline was assumed when P Ͻ 0.05 (*) and P Ͻ 0.01 (**).
RESULTS
Corrosion Casts
The corrosions cast revealed a highly vascularized alimentary canal that is supplied with blood via the coeliacomesenteric artery (cma) (Fig. 1) . This vessel is divided into two major vessels: the gastric artery supplying the stomach, the spleen, and a smaller portion of the proximal intestine, and the intestinal artery supplying the major portion of the proximal and distal intestine. In contrast to the Chinook salmon (53) , this bifurcation occurs some distance (ϳ3 cm) from where the coeliacomesenteric artery branches from the dorsal aorta.
Cardiovascular Responses to Nutrient Injection
When the predigested balanced diet with a nutrient composition resembling the normal diet was injected into the proximal intestine, Q cma had increased by 35 Ϯ 13% after 30 min. The maximal gut blood flow response of 45 Ϯ 11% occurred after 1 h (Fig. 3) . The flow decreased thereafter, and 2 h following the injection, the flow had decreased to 28 Ϯ 8% above baseline. There was no increase in CO after 30 min, indicating that the initial increase in Q icma was entirely due to a redistribution of blood flow (shunting). However, after 1 h, CO had increased by 27 Ϯ 9%, a response that was mediated by a 20 Ϯ 6% increase in SV, while HR did not change.
The cardiovascular response to the diet with increased lipid content (Fig. 4) was markedly different. The increase in Q cma was smaller and declined more rapidly, and the maximal increase in gut blood flow of 21 Ϯ 7% occurred already after 30 min. By 1 h, Q cma had declined to 16 Ϯ 5% above baseline and after 2 h, it was not significantly different from routine values. There was only a small 9 Ϯ 4% increase in CO after 2 h and no significant change in HR or SV, suggesting that most of the increase in Q cma was due to a reduction in vascular resistance of the gastrointestinal circulation.
The response to the high-protein diet was delayed compared with the other diets, and Q cma was not significantly different from routine values after 30 min. After 1 h, Q cma had increased by 19 Ϯ 9%, and the maximal increase of 27 Ϯ 6% occurred after 2 h. Again, the increase in Q cma was mainly due to a redistribution of blood flow, as the only significant change in CO was a moderate 12 Ϯ 6% increase after 1 h.
Sham injections with saline had no significant effect on any of the measured variables (Figs. 3-5) , demonstrating that any mechanical stimuli from the injected fluid on the intestinal mucosa/wall was of a minor importance for the observed blood flow response.
SDA Response to Balanced Diet
, and the injection of the balanced diet into the proximal intestine increased M O 2 after 1 h to 74.2 Ϯ 5.1 mg (Fig. 6A) . The timing of this response coincided with the maximal increase in Q cma with the same diet, and the M O 2 returned to baseline within the next 20 h.
When injecting the high-protein diet instead, there is a delayed response, and after 2 h, M O 2 increased to 84. ) (Fig. 6B ). This coincides well with the increase in Q cma using this diet. The M O 2 returned to baseline over the next 10 h.
The high-lipid diet gave no significant change in M O 2 during the 20-h recording period (Fig. 6C) , despite the fact that the cardiovascular recordings did show an increase in Q cma . Injections of saline alone gave no response, thus indicating that the injection in itself does not affect the studied variables or in any other way disturb the animal (Fig. 6, A-C) . Values are means Ϯ SE (n ϭ 7) of cardiac output (CO), heart rate (HR), gut blood flow (Qcma), and stroke volume (SV). Dashed line is for comparison with routine values. One-way repeated-measure ANOVA followed by Dunnet's post hoc test was used to test for significant differences from routine values. *Significantly different, P Ͻ 0.05. **Significantly different P Ͻ 0.01.
DISCUSSION
Cardiovascular Parameters
To study the contribution of different nutrients to the postprandial change in gastrointestinal blood flow, we developed a new surgical technique that allows exact amounts of predigested nutrient solutions to be injected directly into the proximal intestine of unanesthetized rainbow trout. This method eliminates the stress that is typically associated with classical force-feeding studies, in which the animal often is sedated prior to feeding. Evidence that the present experimental approach represents a less stressful way of investigating gastrointestinal cardiovascular function lies in the fact that routine heart rates and oxygen consumption (M O 2 ) recorded here were close to previously recorded values for less instrumented rainbow trout at the same temperature (1, 23, 52) . Furthermore, none of the recorded variables changed after saline injection, demonstrating that the effect of the small mechanical stimulation was minimal and that the injections, as such, did not evoke a stress response in the animals. These results are consistent with studies on dogs, in which undigested food fails to induce gastrointestinal hyperemia (20, 33) , while studies on cats suggest that the mechanical stimulation may induce a small hyperemia (8) . We, therefore, feel confident that the new method developed here represents a useful experimental tool that will help to give a much better time resolution of the dynamic cardiorespiratory responses to feeding in fish.
The present results show that the cardiovascular response differs depending on the composition of the diet. The balanced diet (Table 1) gave the most profound increase in gastrointestinal blood flow. The fact that the balanced diet induced the greatest response is in agreement with a previous study in the dog that concluded that the hyperemia results from a synergistic effect of all dietary components (50) . The diet containing high levels of lipids (60%) induced a rapid and short-lived increase in Q cma , while the high-protein diet (70%) resulted in a somewhat delayed and larger increase in Q cma . This is perhaps not surprising, considering the way in which these nutrients are absorbed by the gut. Most lipids are broken down into triglycerides, and then further down into monoglycerides, as well as fatty acids by the action of, for example, pancreatic lipases. These aggregates are then rapidly, and passively, absorbed across the intestinal brush-border, directly into the portal blood or into brush-border cells for resynthesis. On the other hand, proteins or free amino acids and dipeptides/tripeptides, are actively taken up by membrane transporters in a rate-limited process (13, 14) . This would indicate that the hyperemic postprandial response is mainly due to processes within the gut wall and not by a direct action on, for example, mucosal chemoceptors. The amplitude of the Q cma response seen in this study is similar or smaller compared with other force-feeding studies on fish (2-4, 6, 52 ), but the rapidity and duration of the response are markedly different. The very rapid response observed in the present study is best explained by the fact that predigested nutrients were injected straight into the duodenum. In this way, the gastric emptying time is not an issue, and any delay in the response due to stress effects of sedation and force-feeding is avoided. The short duration of the postprandial hyperemia observed here is probably attributed to the amount of food injected, as is the case with the postprandial increase in oxygen consumption, in which the magnitude and duration of the response are correlated with ration size (32) . The volume injected in the present study was chosen to correspond to the amount of food that enters the proximal intestine during a 2-to 5-h period, after an average sized meal (2%), assuming a gastric emptying time of 72 h (11, 42, 58) .
The fact that all nutrients are not equally important for the postprandial increase in blood flow has been demonstrated in several mammalian studies (18 -20, 25, 33, 34, 50) . Most of these studies indicate that glucose and lipids, particularly in combination with bile (34), induce the largest hyperemia (20) , while other studies indicate a more important role of proteins (50) . However, most of these studies have been performed on anesthetized animals, which may give a quantitatively and qualitatively different response (54, 55) . In fish, there are likely substantial differences among species, depending on the natural diet and the capacity to adjust to changing diets (12) . Carnivorous fish, such as salmonids, have been demonstrated to have a limited capacity to adapt to new diets, particularly to increased levels of carbohydrates (13, 14) , although low levels of glucose are important for optimal growth (7, 29) . It might, therefore, be hypothesized that carbohydrates are of minor importance for the postprandial hyperemia in carnivorous fish, while they may be more important in omnivorous species, such as the carp (Cyprinus carpio) that has a high capacity to adapt to new diets and can quickly upregulate intestinal transport proteins like carbohydrate transporters (12) .
The increase in gut blood flow with the normal diet was not associated with a simultaneous increase in cardiac output. This indicates that redistribution of blood flow from other tissues is important for the postprandial increase in Q cma, as previously shown in this species (48) . However, the subsequent delayed increase in CO that led to an even larger increase Q cma , highlights the importance of both changes in gastrointestinal resistance and CO for the postprandial hyperemia.
We have previously demonstrated how the mechanical stimulation that occurs when food enters the intestine triggers a systemic vasoconstriction in rainbow trout (48) . This response has Fig. 6 . Mean values Ϯ SE of oxygen consumption (MO 2 ) in rainbow (Oncorhynchus mykiss) trout before and after injection of a predigested diet (1.2 ml/kg) into the proximal intestine. A: balanced diet (n ϭ 8). B: high-protein diet (n ϭ 7). C: high-lipid diet (n ϭ 6 -7). Gray line shows the response to a control injection of saline (n ϭ 6 -7), and dashed line is for comparison with routine values. Two y-axes show the MO 2 response in both milligrams O2 per kilogram per hour and micromoles O2 per gram per hour. A paired t-test followed by a Holm-Bonferroni algorithm was used to test for significant differences from routine values. *Significantly different, P Ͻ 0.05. **Significantly different P Ͻ 0.01. been suggested to aid the subsequent shunting of blood from other tissues to the gastrointestinal tract, as hydrolyzed food enters the intestine. The lack of mechanical stimuli in the present study may further explain why the increase in blood flow reported here is less profound than previously shown with conventional feeding studies on fish. Additional chemical stimuli from the stomach are also bypassed when injecting nutrients directly into the proximal intestine. It is also uncertain to what extent meal size affects the magnitude of the hyperemia. Nevertheless, the importance of such mechanisms is presently unknown, and future studies will have to reveal this.
Although the differential importance of individual food components for the intestinal hyperemia is emphasized in the present study, detailed mechanistic basis for this response is still poorly understood in fish. In mammals, several possible mechanisms have been put forward, including both metabolic and nonmetabolic factors (see Refs. 25, 27, and 35 for reviews). The importance of intrinsic and extrinsic nerves in gut has been investigated to some extent and has been ascribed a very limited role in the postprandial hyperemic response (39 -41) , although nervous components cannot be completely ruled out (56) . Some studies have addressed the importance of endocrine (21) and paracrine factors, such as histamines (22) , prostaglandins (17) , and adenosine (45, 46) but with apparently varying results. The most likely explanation seems to be that metabolic factors such as O 2 , H ϩ , and CO 2, as well as adenosine and lactate mediate the postprandial hyperemia (43, 49) , and glucose has been found to stimulate adenosinemediated NO production (36) . It is also possible that the caloric content is important as fat contains almost twice the amount of calories compared with proteins and glucose. Interestingly, a recent study in rainbow trout showed that there was no difference in the gut blood flow response when the fish was fed isocaloric diets with different lipid and protein contents (23) . This finding contrasts with the present study in which a larger hyperemic response was observed with the high-protein diet, and several mammalian studies in which carbohydrates induce a hyperemia that is comparable or larger than the response to fats (19, 20) . Nonetheless, the exact regulatory mechanisms remain to be determined for fish, and we find it likely that future research may unravel large interspecific differences.
SDA
The specific dynamic action is defined as the postprandial increase in oxygen consumption, and it is believed to be due to processes such as digestion, absorption, and protein assimilation (37) . However, there is still controversy about what processes should be included within the concept. For example, some authors include the increased metabolism associated with foraging and engulfing prey, while others exclude these processes, preferring to call the process heat increment (52) .
To verify whether the newly developed experimental protocol presented here, in which the cardiovascular changes were relatively rapid and short-lasting, also triggered an SDA response, and to compare for differences between the diets, M O 2 was measured by placing the fish in a closed respirometer. These results show that there is indeed a significant difference in oxygen consumption with different nonisocaloric diets. This is in agreement with other studies in fish, in which the SDA response differs depending on the nutrient composition of the diet, with high-protein diets resulting in a more profound response (31, 51) . This also is in contrast to previous results when feeding rainbow trout different isocaloric diets (23) . The reason for this inconsistency is at present unknown, albeit it indicates that both protein content and caloric content is important for the magnitude and duration of the SDA response, as has been previously suggested (51) .
There is also a close temporal relationship between the increase in gastrointestinal blood flow and the postprandial increase in M O 2 , with a delayed Q cma and M O 2 response with the high-protein diet. Furthermore, the fact that we see the largest increase with the high-protein diet and no response with the high-lipid diet confirms the results of several earlier studies, in which it has been suggested that as much as 60 -80% of the SDA is caused by processes, such as protein synthesis, that to a large extent occur outside of the gastrointestinal tract (9, 10) . However, we observed no prolonged SDA response, due to processes outside the gastrointestinal tract, with the high-protein diet in the present experimental protocol. This is likely due to the relatively small volume of the injected diets that was used in an attempt to mimic the small boluses of digested food that enter the proximal intestine from the stomach at regular intervals following feeding. The volumes used here might therefore be too small to induce a sustained increase in M O 2 . This is also the most likely explanation why the SDA response was small compared with previous feeding studies in fish (1, 32, 51, 52) . In fact, it has been shown that the duration and magnitude of the SDA are correlated with meal size in Atlantic cod (32) .
Conclusions and Future Perspectives
The present study reveals that all nutrient components of food are not equally important for the postprandial intestinal hyperemia. There are both temporal, as well as quantitative differences among nutrients, with the high-lipid diet inducing a rapid but short-lived response and the high-protein diet resulting in a less rapid but more profound response. However, the largest hyperemia was achieved with a diet resembling the natural diet, suggesting a synergistic and additive action of the different nutrient components on the gastrointestinal hyperemia. There was also a close temporal matching between the hyperemia and the SDA response, with both responses peaking at the same time postfeeding. Furthermore, in concordance with other studies, we see a much larger SDA response with a protein-rich diet compared with a diet low in protein. These results, in combination with our previous results on the importance of mechanical stimuli (47, 48) , reveal a close interplay between several factors, including both chemical, as well as mechanical components that ultimately fine-tune the postprandial cardiorespiratory response in teleosts.
